Photosynthetic microorganisms typically have multiple isoforms of the electron transfer protein ferredoxin, although we know little about their exact functions. Surprisingly, a Chlamydomonas reinhardtii mutant null for the ferredoxin-5 gene (FDX5) completely ceased growth in the dark, with both photosynthetic and respiratory functions severely compromised; growth in the light was unaffected. Thylakoid membranes in dark-maintained fdx5 mutant cells became severely disorganized concomitant with a marked decrease in the ratio of monogalactosyldiacylglycerol to digalactosyldiacylglycerol, major lipids in photosynthetic membranes, and the accumulation of triacylglycerol. Furthermore, FDX5 was shown to physically interact with the fatty acid desaturases CrΔ4FAD and CrFAD6, likely donating electrons for the desaturation of fatty acids that stabilize monogalactosyldiacylglycerol. Our results suggest that in photosynthetic organisms, specific redox reactions sustain dark metabolism, with little impact on daytime growth, likely reflecting the tailoring of electron carriers to unique intracellular metabolic circuits under these two very distinct redox conditions. ferredoxin | dark growth | thylakoid lipids | triacylglycerol | redox regulation F erredoxins (FDXs) are soluble, iron-sulfur proteins that mediate electron transfer in a variety of essential metabolic reactions (1-3) (SI Appendix, Fig. S1 ). The Chlamydomonas genome encodes 13 FDXs (SI Appendix, Table S1 ) with localization and redox properties that suggest involvement in specific redox reactions (4). Using a yeast two hybrid approach, a global FDX interaction network was established for Chlamydomonas, suggesting putative roles for FDX1 (originally designated Fd) in redox metabolism, carbohydrate modification, and fatty acid biosynthesis (5); this FDX was already known to function in both linear and cyclic photosynthetic electron flow (4, 6). FDX1 also accepts electrons from FDX-NADP oxidoreductase (FNR) (7) and donates electrons to HYDA hydrogenases (5, 8, 9). Other FDXs may be involved in state transitions, nitrogen metabolism, cellular responses to reactive oxygen species (ROS), and dark anoxia (4, 5, 10-13).
Photosynthetic microorganisms typically have multiple isoforms of the electron transfer protein ferredoxin, although we know little about their exact functions. Surprisingly, a Chlamydomonas reinhardtii mutant null for the ferredoxin-5 gene (FDX5) completely ceased growth in the dark, with both photosynthetic and respiratory functions severely compromised; growth in the light was unaffected. Thylakoid membranes in dark-maintained fdx5 mutant cells became severely disorganized concomitant with a marked decrease in the ratio of monogalactosyldiacylglycerol to digalactosyldiacylglycerol, major lipids in photosynthetic membranes, and the accumulation of triacylglycerol. Furthermore, FDX5 was shown to physically interact with the fatty acid desaturases CrΔ4FAD and CrFAD6, likely donating electrons for the desaturation of fatty acids that stabilize monogalactosyldiacylglycerol. Our results suggest that in photosynthetic organisms, specific redox reactions sustain dark metabolism, with little impact on daytime growth, likely reflecting the tailoring of electron carriers to unique intracellular metabolic circuits under these two very distinct redox conditions. ferredoxin | dark growth | thylakoid lipids | triacylglycerol | redox regulation F erredoxins (FDXs) are soluble, iron-sulfur proteins that mediate electron transfer in a variety of essential metabolic reactions (1-3) (SI Appendix, Fig. S1 ). The Chlamydomonas genome encodes 13 FDXs (SI Appendix, Table S1 ) with localization and redox properties that suggest involvement in specific redox reactions (4) . Using a yeast two hybrid approach, a global FDX interaction network was established for Chlamydomonas, suggesting putative roles for FDX1 (originally designated Fd) in redox metabolism, carbohydrate modification, and fatty acid biosynthesis (5); this FDX was already known to function in both linear and cyclic photosynthetic electron flow (4, 6) . FDX1 also accepts electrons from FDX-NADP oxidoreductase (FNR) (7) and donates electrons to HYDA hydrogenases (5, 8, 9) . Other FDXs may be involved in state transitions, nitrogen metabolism, cellular responses to reactive oxygen species (ROS), and dark anoxia (4, 5, (10) (11) (12) (13) .
The major lipids in thylakoid membranes are monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), phosphatidylglycerol (PG), and sulfoquinovosyldiacylglycerol (SQDG) (14) (15) (16) (17) , with MGDG being the most abundant, followed by DGDG (14, 17) . In Arabidopsis, three enzyme systems are involved in MGDG and DGDG synthesis (18) . In contrast, there is only a single copy each of an MGDG and DGDG synthase gene in Chlamydomonas (19) . Chlamydomonas uses the prokaryotic pathway for thylakoid lipid synthesis (20) in which the MGDG species synthesized in chloroplasts contain predominantly C18:3 Δ9, 12, 15 -sn-1 with the unusual hexadeca-4, 7, 10, 13-tetraenoic acid C16:4 Δ4, 7, 10, 13 at the sn-2 position (20) . Desaturation of the sn-2 acyl group of Chlamydomonas MGDG requires the CrΔ4FAD desaturase, which is not present in Arabidopsis (21) , and MGDG accumulation in Chlamydomonas is reduced in strains that make less CrΔ4FAD (21) . Under conditions of nutrient deprivation, there are small amounts of C16:4 Δ4,7,10,13 and C18:3 Δ9,12,15 that are integrated into triacylglycerol (TAG) (22, 23), indicating that fatty acids within TAG can be at least partly recycled from membrane lipids such as MGDG.
In this study, we show that a fdx5 mutant (i) cannot grow in the dark despite having a growth rate similar to that of wild-type (WT) cells in the light; (ii) has altered photosynthetic properties, membrane structure, and lipid composition relative to WT cells; and (iii) accumulates higher levels of TAG. In addition, FDX5 appears to interact with the CrΔ4FAD and CrFAD6 desaturases. Together, these results suggest a critical role for FDX5 in fatty acid desaturation and maintaining thylakoid membrane composition and functionality specifically during growth in the dark.
Significance
Our results suggest that particular ferredoxins in photosynthetic organisms are tailored to serve as electron carriers that sustain day-time and night-time metabolism and that the chloroplastlocalized ferredoxin-5 (FDX5) appears to function in the desaturation of fatty acids required for maintaining the correct ratio of the dominant lipids in the thylakoid membranes and the integration of chloroplast and mitochondrial metabolism, which is absolutely required for growth in the dark. The most important messages from this work are that redox components associated with critical activities in photosynthetic organisms must be tuned to the redox conditions of the cells and the overall carbon budget of photosynthetic cells requires an understanding of metabolic features that accompany the movement of cells between light and dark conditions. Results fdx5 Is a Null Mutant. The Chlamydomonas FDX5 gene (SI Appendix, Fig. S2A ) encodes a protein of 130 amino acids, with residues 35-107 forming the 2Fe-2S cluster binding domain (SI Appendix, Fig. S2B ). We used random insertional mutagenesis (24, 25) and a PCR-based screen to isolate a mutant disrupted for FDX5 (FDX5-specific primers shown in SI Appendix, Table  S2 ). Southern blot hybridizations indicated that the FDX5 gene was disrupted by the AphVIII cassette (SI Appendix, Fig. S2 C and  D) . Characterization of the site of insertion in FDX5 was performed by PCR and sequencing (SI Appendix, Fig. S2E ). The cassette insertion resulted in a 46-bp deletion in the second exon that caused a shift in the ORF and a truncation of the C-terminal sequence (SI Appendix, Fig. S2 B and F) . The truncated protein no longer contains the conserved cysteine residues that bind the 2Fe-2S cluster required for protein activity. Using immunological analyses, we were unable to detect FDX5 in the mutant (SI Appendix, Fig. S2 G, Left), whereas the FDX5 protein was restored in the rescued strains (SI Appendix, Fig. S2 G, Left and Right). Disruption of FDX5 Causes a Dark Growth Deficiency. As shown in Fig. 1 A and B , the fdx5 mutant grows normally on Tris-acetatephosphate (TAP) agar and liquid medium in the light but is unable to grow on the same medium in the dark. Very low light intensities (2 and 5 μmol photons·m ) were sufficient for fdx5 to grow, albeit at a slower rate than WT and the complemented cells (SI Appendix, Fig. S4 A and B) . With slight increases in light intensity (10 and 40 μmol photons·m
), the rate of fdx5 growth became the same as that of WT and the complemented strains (SI Appendix, Fig. S4 C and D) . Tetrad analyses demonstrated that the dark growth phenotype cosegregated with the insertion, conferring paromomycin resistance (SI Appendix, Fig. S5 ). To confirm that disruption of FDX5 was the cause of the phenotype, we introduced WT FDX5 cDNA and genomic DNA (gDNA) into fdx5 cells, which grew under both light and dark conditions on solid and in liquid medium, as shown for fdx5 (FDX5)-1-and fdx5(FDX5)-2-rescued strains ( Fig. 1 A and B) ; fdx5(FDX5)-1 was used for the remaining studies and is hereafter designated fdx5(FDX5). The growth-rescued transformants also regained their ability to accumulate FDX5 protein (SI Appendix, Fig. S2G ). Overall, these results conclusively demonstrate that a strain unable to synthesize FDX5 cannot grow in the dark but readily resumes growth in the light.
Photosynthesis and Respiration Decrease in Dark-Maintained fdx5.
The inability of fdx5 to grow in the dark suggested a loss of respiratory activity. As shown in Fig. 1C , respiratory O 2 consumption is comparable in WT and mutant cells in the light and after transfer to the dark for up to 6 h. However, after 24 and 48 h in the dark, there was ∼twofold more respiratory O 2 consumption in WT and the complemented strain than in fdx5. A similar trend was observed for light-mediated net photosynthetic O 2 evolution, indicating a rapid decline in the ability of fdx5 to perform photosynthetic electron transport after dark incubation (Fig. 1D) . Hence, both respiratory and photosynthetic processes were seriously compromised in the dark-maintained fdx5 mutant.
To determine the extent of absolute O 2 consumption after dark-grown cells were placed in the light, we performed membrane inlet mass spectrometry (MIMS) with added gaseous 18 O 2 to distinguish between absolute O 2 consumption and evolution (from H 2 16 O). As shown in SI Appendix, Fig. S6 , the decline in net light-dependent O 2 evolution in fdx5 is partly reflected by an increased rate of light-dependent O 2 consumption, which is substantially higher in fdx5 than in WT cells.
Photosynthetic Electron Flow Is Altered in Dark-Maintained fdx5. To examine photosynthetic electron transport rates (ETRs), we monitored the induction of chlorophyll (Chl) fluorescence. Induction curves of cultures transferred to the dark for 24 h showed that illumination caused an increase in steady-state fluorescence (F s ) for fdx5 relative to WT or complemented cells (SI Appendix, Fig.  S7A ), indicating that the plastoquinone (PQ) pool in the mutant was more reduced. Following the addition of the PSII inhibitor DCMU to the cultures (SI Appendix, Fig. S7A ), Chl fluorescence was the same for all dark-grown strains, indicating normal functioning of PSII reaction centers. These results indicate that when maintained in the dark, fdx5 develops a partial block in photosynthetic electron flow downstream of PSII.
To assess the effect of different actinic light intensities on lightor dark-grown cultures, Chl fluorescence induction curves were assayed. For all growth conditions, F v /F m values were similar among the strains (SI Appendix, Fig. S7B ; ΦPSII at time 0), suggesting that PSII is active and not responsible for the block in electron flow. The light curves also confirmed a reduction in ETR after the fdx5 mutant had been maintained in the dark (SI Appendix, Fig. S7 B, Middle) . Furthermore, as shown in SI Appendix, Fig. S7 C, Bottom Right, the addition of methyl viologen (MV), which accepts electrons from PSI, to dark-grown cultures relieved elevated PQ pool reduction in fdx5 relative to WT cells, strongly suggesting that the block in electron transport was the result of a defect downstream of PSI, potentially caused by a lack of a suitable electron acceptor. Surprisingly, the rate of cyclic electron flow (CEF) was drastically reduced for fdx5 grown in the dark (SI Appendix, The addition of MV, which competes with CEF for PSI electrons, had a similar effect for all strains (SI Appendix, Fig. S7D ). Overall, fdx5 appears to be defective for both photosynthetic and respiratory processes after dark acclimation.
Photosynthetic Polypeptides Are Not Altered in fdx5. The decrease in ETR and CEF in fdx5 grown in the dark could result from altered thylakoid membrane structure and/or aberrant accumulation of photosynthetic polypeptides or complexes. To explore the latter, we examined representative subunits of each photosynthetic complex by immunoblots. As shown in SI Appendix, Fig.  S8 , we immunologically detected the proteins of all of the major photosynthetic complexes; these include PsbA, OEE2, Cyt f, PSAD, both CF 1 -β and F 1 -β, LS, NDA2, and PGRL1 (full names provided in SI Appendix, Fig. S8 ). These proteins accumulated in fdx5 to approximately WT levels in both the light and dark (mitochondrial F 1 -β was somewhat lower in the "back to light" samples), suggesting no major alteration in the composition of membrane proteins associated with photosynthetic function in the mutant. These results oriented our further analyses toward examining membrane structure and lipid composition in darkmaintained fdx5.
Dark-Maintained fdx5 Has Altered Membrane Ultrastructure. A potential explanation for the phenotypes described above is that the membrane structure/lipid composition is aberrant in darkmaintained fdx5, which in turn could retard efficient electron transport or other membrane-associated processes (e.g., ion transport). To evaluate this possibility, we performed transmission electron microscopy (TEM) of sectioned Chlamydomonas cells. In WT cells, thylakoid membranes are arranged as layers within chloroplasts, with some of the membranes appressed. Features in the light and dark were similar, although the membranes appeared to be more regularly arranged in light-grown cells (compare Fig. 2 A and C) . Although the layered arrangement of thylakoids is observed in light-grown fdx5 (Fig. 2B) , transfer of the mutant to the dark (Fig. 2D ) caused the membrane structure to become highly aberrant. Dark-grown mutant membranes appear wavier, have more convoluted configurations, and seem to be more fragmented than membranes of WT cells. The cytoplasm and the chloroplast stroma in fdx5 had reduced granularity and did not accumulate large thylakoid-associated starch granules compared with WT (Fig. 2D) .
Membrane Lipids Are Altered in Dark-Maintained fdx5. The phenotypes described above raised the possibility that fdx5 is defective in generating normal membranes in the dark, which may explain the aberrant membrane structures and disrupted activities that require specific lipid environments. Therefore, we analyzed classes of lipids and their acyl groups in membranes of fdx5 and WT cells. The relative levels of MGDG and DGDG in light-grown fdx5 and WT cells exhibited minor differences ( Fig. 2 E and F, light) . However, after 24, 48, and 72 h in the dark ( Fig. 2 E and F, dark) , the ratio of MGDG to DGDG in fdx5 strongly declined in comparison with WT cells. By 48 and 72 h in the dark, the mutant had a ∼2:1 ratio of MGDG to DGDG, whereas the ratio in WT cells was ∼5:1 ( Fig. 2 E and F, dark). We also examined total fatty acid profiles under the same experimental conditions (Fig. 3A) . The fraction of specific fatty acids that contain four double bonds (C16:4 Δ4,7,10,13 ) was decreased in fdx5 maintained in the dark for 48 h but not in the light. This difference could be a consequence of a decrease in the synthesis of C16:4 Δ4,7,10,13 (in accord with this finding, more C16:3 Δ7,10,13 accumulated in fdx5 than in WT cells), an increase in degradation of MGDG containing C16:0 relative to C16:4 Δ4,7,10,13 on the sn-2 position of MGDG, an increase in conversion of MGDG to DGDG (before desaturation of C16 on sn-2 of MGDG), or a combination of these events. We note that the change in the level of C16:4 Δ4,7,10,13 in fdx5 in the dark was not as extensive as the change in the relative MGDG levels, which is consistent with previous results (21) and suggests (i) that a decline in the synthesis of C16:4 Δ4,7,10,13 is also accompanied by conversion of MGDG containing C16:4 Δ4,7,10,13 to DGDG and (ii) a proportion of the MGDG is degraded and the C16:4 Δ4,7,10,13 is converted into TAG and potentially other lipids. The latter possibility is consistent with additional findings. The MGDG fatty acid composition showed no major difference in the fraction of C16:4 Δ4,7,10,13 (relative to total fatty acids) in fdx5 in the dark relative to WT cells (SI Appendix, Fig. S9 ), with only a small change in the level of C16:4 Δ4,7,10,13 in DGDG (SI Appendix, Fig. S10 ). There were also changes in the levels of C16:0, C16:1
Δ7
, 18:1
Δ9
, and 18:3 Δ9,12,15 in DGDG (SI Appendix, Fig. S10 ) of fdx5, but these changes are independent of light/dark conditions and do not appear to impact the MGDG:DGDG ratio (in the light, the ratio of these lipids in fdx5 is similar to that of WT cells). Overall, aberrations in lipid composition (most notably the MGDG:DGDG ratio) and an altered ability to maintain the proper desaturation state of the fatty acids in dark-maintained fdx5 could explain the defects in photosynthesis, distorted membrane structure, and the overall appearance of mutant chloroplasts (membranes and stroma), which could also impact other cellular processes including respiration. Therefore, we sought to obtain mechanistic insights into the ways in which the fdx5 mutation impacts membrane lipid and fatty acid composition. (5): CrFAD6 (Cre13.g590500), which is involved in desaturation of C18:1 in plastidic lipids (MGDG, DGDG, PG, SQDG) to C18:2, and CrΔ4FAD (Cre01.g037700), which is specific to Chlamydomonas MGDG and is involved in desaturation of C16:3 Δ7,10,13 to C16:4 Δ4,7,10,13
. Venus-tagged CrΔ4FAD and CrFAD6 desaturases, like FDX5 (SI Appendix, Fig. S3 ), localized to chloroplasts (SI Appendix, Fig. S11 ).
As shown in Fig. 3B , Central, the mating-based split ubiquitin system (28) clearly demonstrated an interaction between FDX5 and both CrΔ4FAD and CrFAD6. No interaction was detected between NubG and Cub or NubG and the FDX5-Cub fusion protein (negative controls), whereas NubWT and NubI interacted with the fused protein FDX5-Cub ( Fig. 3B ) (positive control). These studies show that FDX1 also interacts with CrΔ4FAD and CrFAD6 (Fig. 3B , Central).
Increased TAG in fdx5 Mutant in the Dark. Mature MGDG synthesis in chloroplasts requires specific desaturation of fatty acids. The inability to properly desaturate fatty acids (e.g., generate C16:4 Δ4,7,10,13 in dark) may destabilize newly synthesized MGDG, causing it to be recycled and its fatty acids to be stored as TAG. This possibility was supported by the finding that fdx5 accumulates TAG in the dark (Fig. 4 B and C and SI Appendix, Fig.  S12 ). Sustained TAG accumulation was observed by TLC in the mutant maintained for 72 h in the dark, and much of the TAG was retained even 24 h after fdx5 was transferred back to the light (SI Appendix, Fig. S12 ). It was previously shown that the lipase PGD1 could cleave C18:1 Δ9 from nascent MGDG and transfer it to TAG during nitrogen deprivation (29). To determine if TAG accumulation was mediated by PGD1, fdx5pgd1 double mutants were generated by crossing fdx5 with pgd1 (Fig. 4A) ; progeny with both lesions were identified by PCR (SI Appendix, Fig. S13 ). To visualize TAG production in fdx5, Nile-Red was used to stain lipid droplets (LDs). Fluorescence from stained LDs was observed in dark-maintained fdx5 cells, with LD content significantly lower in WT and the other strains (Fig. 4B) . TLC ( Fig. 4C ) analysis also demonstrated TAG accumulation in fdx5 but not in any of the fdx5pgd1 double mutants, suggesting that PGD1 mediates the transfer of fatty acids from membrane lipids such as MGDG to TAG in the fdx5 mutant. The analysis of TAG in fdx5 and fdx5#13 (segregant from a cross between fdx5 and pgd1) showed that the TAG that accumulated in the mutant contained C16:0, C16:4 Δ4,7,10,13 , and C18:3 Δ9,12,15 (SI Appendix, Fig. S14 ), suggesting that fatty acids of membrane-associated MGDG were transferred to TAG. These results suggest that fatty acid reshuffling and TAG accumulation in the dark depend on PGD1.
Discussion
For photosynthetic organisms, metabolism under dark oxic conditions is impacted by a different cellular redox environment than metabolism in the light. Unlike WT cells, the fdx5 mutant is unable to grow in the dark. Dark-maintained fdx5 has low MGDG and high DGDG content ( relative to total fatty acids (Fig. 3A) , and accumulates TAG, which may at least in part be a consequence of a decrease in C16 desaturation by CrΔ4FAD to generate C16:4 Δ4, 7, 10, 13 , as depicted in SI Appendix, Figs. S15 and S16. FDX5 also interacts with and may donate electrons to CrFAD6. However, CrFAD6 acts on fatty acids of both MGDG and DGDG (19, 30) , and although the fdx5 mutant exhibits alterations in the ratio of the various C18 fatty acids (different desaturation states), the changes observed occur in both the light and dark; in the light, the mutant shows no defect in growth or in its MGDG:DGDG ratio. The donation of electrons from FDX5 (in the dark) and potentially FDX1 (in the light) to CrFAD6 (Cre13.g590500) (Fig. 3B ) may be responsible for conversion of C18:1 Δ9 on the sn-1 position to C18:2 Δ9,12 , and C16:1 Δ7 on the sn-2 position to C16:2 Δ7,10 in MGDG and also for conversion of C18:1 Δ9 on the sn-1 position to C18:2 Δ9,12 in DGDG (19) . In the dark-maintained fdx5 mutant, the C18:3 Δ9,12,15 level was considerably elevated in both total fatty acids and fatty acids in DGDG, whereas C18:2 Δ9,12 showed only a modest increase ( Fig. 3A and SI Appendix, Fig. S10 ). Plausible explanations for this finding are that another desaturase can function in place of CrFAD6 (Cre13.g590500) and/or that the CrFAD6 desaturase can accept electrons from another FDX or a cytochrome b 5 (b-type cytochromes can also donate electrons to desaturases) that is reduced in the dark. Indeed, although most Arabidopsis desaturases have a single homolog, the Chlamydomonas genome encodes two plastidic forms of ω-6 desaturases (19), Cre06.g288650 and Cre13.g590500. Therefore, it is reasonable to suggest that Cre06.g288650 may function in the fdx5 mutant to synthesize C18:2 Δ9,12 in the dark. C18:3 Δ9,12,15 is typically synthesized through the activity of an ω-3 desaturase, which uses C18:2 Δ9,12 as its substrate. CrFAD7 (Cre01.g038600), likely localized to chloroplasts, was shown to be the only ω-3 desaturase in Chlamydomonas and is responsible for ω-3 desaturation of plastid-and ER-synthesized lipids (31). Because CrFAD7 does not appear to interact with FDX5 (5), it likely requires a different electron donor (e.g., another FDX isoform). The presence of multiple CrFAD6 desaturases and a chloroplast CrFAD7 enzyme may explain why there is no reduction of DGDG C18:3 Δ9,12,15 in the fdx5 mutant in the dark. It is also likely that fatty acids from other lipids serve as substrates that are used in the synthesis of DGDG. This possibility is supported by the finding that there are over 100 mostly uncharacterized lipases encoded on the Chlamydomonas genome and that some of these lipases function in conjunction with acyltransferases to modify or edit the acyl chains on membrane glycerolipids (29). Thus, certain lipases may release C18:2
Δ9,12
and C18:3 Δ9,12,15 from diacylglyceryl trimethyl homoserine and phosphatidylethanolamine in the ER or PG and SQDG in the chloroplast, promoting the recycling of these fatty acids.
In Chlamydomonas, "immature" MGDG (C18:1 Δ9 /C16:0) is known to be used in three ways (SI Appendix, ) by multiple fatty acid desaturations, (ii) galactosylation to synthesize DGDG by the enzyme DGD1, and (iii) hydrolysis of the fatty acids from the glycerol backbone by PGD1, with the export of C18:1 Δ9 and its incorporation into TAG (19-21, 29, 32 ). This last fate of MGDG may in part explain the reduced levels of C18:1 Δ9 in DGDG, although this is observed in both the light and dark. Some MGDG would also be converted to DGDG (Fig. 2 E and F) .
Finally, an inability to generate C16:4 Δ4,7,10,13 at the sn-2 position of newly synthesized MGDG in dark-maintained fdx5 would prevent the maturation of MGDG, resulting in its destabilization and decreased accumulation of both MGDG and total C18:3 Δ9,12,15 in MGDG. The C18:1 Δ9 fatty acid present at the sn-1 position of immature MGDG could then be further desaturated (or remain C18:1 Δ9 ) and become a constituent of DGDG (through conversion of MGDG to DGDG) or be released from MGDG through a PGD1-dependent cleavage (29) and used for the production of TAG. Mature MGDG present in fdx5 after growth in the light also contributes to TAG production through its turnover and recycling of its fatty acids; a similar MGDG recycling process is observed in Chlamdyomonas cells deprived of nitrogen (22, 29) .
In the fdx5 mutant, desaturation of the C16 fatty acid to C16:4 Δ4,7,10,13 may be decreased in the dark, as evidenced by the lower MGDG:DGDG ratio and a reduced fraction of C16:4 Δ4,7,10,13 among all fatty acids relative to WT cells (the level of C16:4 Δ4,7,10,13 remains the same in MGDG relative to WT cells, as expected), probably due to the lack of FDX5 protein as an electron donor for the CrΔ4FAD desaturase. Generation of C16:4 Δ4, 7, 10, 13 through the activity of CrΔ4FAD was shown to be a crucial limiting factor in the conversion of immature MGDG into mature MGDG, which would limit the overall MGDG content (21) . Consequently, we observed an elevated level of DGDG and accumulation of TAG (probably caused by greater conversion of immature MGDG into these products) as well as a lower overall amount of MGDG in dark-maintained fdx5 (Fig. 2 E and F and SI Appendix, Figs. S15 and S16).
Together, our results suggest that FDX5 is a redox carrier that donates electrons to at least two fatty acid desaturases (CrΔ4FAD and CrFAD6) involved in converting C16:3 Δ7,10,13 to C16:4 Δ4,7,10,13
and C18:1 Δ9 to C18:2
. We confirmed physical interactions of FDX5 with these desaturases (Fig. 3B) . Because the mutant is unable to synthesize the proper fatty acids in the dark, there is an increase in DGDG production relative to MGDG as well as an increase in TAG synthesis; elevated TAG accumulation can be prevented if the pgd1 lesion is introduced into the fdx5 strain (Fig.  4) . The altered ratio of MGDG to DGDG (Fig. 2 ) in fdx5 causes aberrant membrane structure (Fig. 2) , which impacts the activity of many cellular processes including photosynthetic electron flow and causes other abnormalities potentially associated with altered membrane composition. These results raised several questions about TAG production in fdx5: (i) How are the enzymes involved in TAG production regulated in the dark? (ii) How does PGD1 affect TAG production in fdx5 in the dark? (iii) What is the contribution of other lipases to the accumulation of TAG? TAG production is low in WT cells and the pgd1 mutant, and these two strains have a similar complement of MGDG, DGDG, and TAG in the dark (SI Appendix, Fig. S16 ). However, TAG accumulation in fdx5 in the dark is blocked in the fdx5pgd1 double mutant (SI Appendix, Fig. S16 ). The incompletely processed MGDG in this double mutant cannot provide fatty acids for TAG biosynthesis, although it can still be converted to DGDG (SI Appendix, Fig. S16) .
The dramatic dark-specific defect in lipid biosynthesis in fdx5 may limit its growth in the dark, although we cannot eliminate the possibility that the growth phenotype may be the consequence of an inability to perform other FDX5-mediated reactions in the dark (33). Preliminary pull-down assays have revealed several potential FDX5-interacting proteins (SI Appendix, Table S5 ). Furthermore, rescue of the fdx5 growth phenotype occurs in very low light, suggesting that the rescue may require only low-level production of reductant by the photosynthetic apparatus but may also involve light-associated regulatory processes. What seems most apparent from these studies is that some redox carriers have lightor dark-specific activities and play a major role in the diel metabolism of photosynthetic organisms.
Materials and Methods
Strains, Mutant Isolation, and Growth Conditions. The parental, WT Chlamydomonas strains used were CC-124 (nit2 − , mt − ) and CC-125 (nit2 Table S3 ). The fdx5 mutant was generated in the D66 (CC-4425; nit2 Table S2 . The fdx5 mutant was backcrossed 5 times to CC-124 or CC-125, and fdx5pgd1 double mutants were generated by crossing fdx5 and pgd1 single mutants. Cells were grown on TAP agar and liquid medium, minimal medium, or high-salt medium at various light intensities. For TEM, cells were grown in Hepes-Acetate-Phosphate buffered medium.
Complementation and Transformation. Complementation was performed with either FDX5 cDNA or gDNA under the control of the PSAD promoter in the pGEM T-easy vector (Promega). Transformation was performed by introducing 1 μg DNA of plasmids pJM43Ble-FDX5cDNA and pJM43Ble-FDX5gDNA (both linearized with NotI) into fdx5 (in CC-124 background) by electroporation (0.8 kv, 25 uF) using a BioRad GenePulser II Electroporator (Bio-Rad), as previously described (35). Transformants were selected on solid TAP medium containing 100 μg/mL ampicillin, 5 μg/mL paromomycin (for original fdx5 mutation), and 6 μg/mL Zeocin (for the introduced FDX5 gene) and then selected for growth in the dark. Transformants that grew in the dark were assayed by PCR for insertion of the different drug resistance cassettes.
Phenotyping and Growth Rates. Growth was analyzed in liquid and solid medium, with or without various antibiotics. Samples from liquid cultures were collected and cells counted and/or quantified based on Chl levels (36, 37).
Photosynthetic O 2 Evolution and Respiratory O 2 Consumption. The evolution and consumption of O 2 were measured using a Clark electrode (CBID; Hansatech). Respiratory O 2 consumption was measured in the dark, whereas photosynthetic O 2 evolution was measured using white actinic light (∼500 μmol photons·m
). Experiments were the average of three biological replicates.
TEM. For TEM, cells were grown in modified TAP medium (Tris replaced by 20 mM Hepes), fixed in growth medium containing glutaraldehyde and OsO 4 , negatively stained with uranyl acetate, dehydrated in ethanol, and embedded in London resin (LR) white. Ultrathin sections (∼60 nm) were mounted onto Formvar-coated copper grids, contrasted with lead citrate (38), and micrographs were obtained using a Jeol JEM-1400 transmission electron microscope.
Analysis of
Dried lipids were dissolved in 55 μL of chloroform and separated by TLC using a mixture of chloroform:methanol:acetic acid:water (75:13:9:3 vol/vol, respectively). After separation, the MGDG and DGDG bands and a spot containing total lipid (derived from 20 μL of the extract) were scraped from the TLC plate, converted into fatty acid methyl esters (40), and the amount of each of the fatty acid methyl esters quantified by gas chromatography on an HP6890 system as described previously (21) .
TAG Analysis and Staining of LDs. Lipid extraction and TAG analysis by TLC were conducted as described previously (29). To visualize LDs, cells were suspended in PBS-0.011% Triton X-100, stained with 1 μg/mL Nile-Red, immobilized on a 0.5% TAP-agarose pad, and imaged by spinning disk confocal microscopy; excitation was at 512 nm and emission at 570-590 nm.
Mating-Based Split Ubiquitin Assay. FDX1, FDX5, CrΔ4FAD, and CrFAD6 genes were amplified from cDNAs using primers listed in SI Appendix, Table S2 , and cloned into pENTR/D_TOPO (Invitrogen) Table S4 ). Interactions between FDX1, FDX5, and CrΔ4FAD and CrFAD6 were assessed by the mating-based split ubiquitin system (28) (https://associomics.dpb.carnegiescience.edu/ Associomics/Protocols.html). 
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Southern Blot analysis
Genomic DNA (gDNA) was isolated and purified using a standard phenol-chloroform extraction from 50 ml liquid cultures, digested with various restriction enzymes and the DNA fragments resolved by agarose (0.8%) gel electrophoresis, and then blotted for 20 h in SSC onto nylon membranes (Bio-Rad, Hercules, CA). Transferred DNA was cross-linked, with hybridizations performed as previously described 1 . The AphVIII ORF (805 bp) and FDX5-specific DNA fragments (315 bp) were amplified with primers APH8-F1/APH8-R1 and FDX5-F4/ FDX5-R4 (see SI Appendix, Table S2 ) and used as hybridization probes. To visualize hybridizing bands, blots were exposed to a phosphor screen (Molecular Dynamics) and imaged using a Pharos FX Plus scanner with Quantity One software (Bio-Rad).
pLM005_Venus constructs and transformation
The FDX5, CrΔ4FAD and CrFAD6 genes were amplified from cDNAs and cloned into pLM005_Venus by Gibson assembly cloning 2, 3 to generate pLM005FDX5_Venus, pLM005CrΔ4FAD_Venus, and pLM005CrFAD6_Venus with various regulatory regions, as noted in the text. The constructs were transformed into cMJ030 (CC-4533) and transformants identified based on fluorescence outputs of individual colonies, and localized as previously described 2, 4 .
Thylakoid membrane purification
Cells were grown to exponential phase in the light and dark and thylakoids purified as previously described 5 .
Membrane inlet mass spectrometry (MIMS)
MIMS was used to differentiate between O 2 consumption and evolution in the light 6 . WT and mutant cell suspensions were equilibrated with equimolar concentrations of 18 O 2 and 16 O 2 . Dark respiration was measured for 1-2 min prior to illuminating samples with white actinic light (~500 µmol photons m -2 s -1 ); O 2 evolution and consumption were calculated as previously described 6 .
In vivo photosynthetic measurements
The quantum yield of PSII (ΦPSII; F v /F m ) and electron transport rates (ETR) were determined using a Walz DUAL-PAM 100 fluorometer, as described by the manufacturer.
Chlorophyll fluorescence measurements
Whole cell Chl fluorescence measurements were performed using a Bio-Logic JTS-10 spectrophotometer with and without the addition of inhibitors [10 µM 3-(3,4-dichloroprenyl)-1-1-dimethylurea (DCMU)] and electron acceptors [1 mM methyl viologen (MV)].
P700 determination
PSI was measured by monitoring absorption changes at 705 nm in the presence of PSII inhibitors (10 µM DCMU and 1 mM HA) during a brief period of illumination at 165 µmol photons m -2 s -1 . A saturating pulse was provided after 5 sec of illumination to oxidize all P700. In some cases, 1 mM methyl viologen (MV) was added as an acceptor of electrons from PSI.
Protein isolation, SDS-PAGE and immunoblot analysis
Cells were stored at -80 o C, prior to resolution of proteins by SDS-PAGE 7 . The resolved proteins were immunoblotted, probed with specific antibodies and detected using the secondary antibody horseradish peroxidase-conjugated anti-rabbit IgG (Promega, Madison, WI); peroxidase activity was detected by an enhanced chemiluminescence assay (ECL) (Amersham Biosciences, GE Healthcare, Piscataway, NJ).
Pull-Down assay FDX5 was coupled to cyanogen bromide (CnBr)-activated sepharose beads (GE Healthcare, USA; 5 mg of protein per ml resin) and prepared according to the manufacturer's instruction. The pull-down assay was performed as described previously 8 .
Mass-Spectrometry analysis
Protein samples (25 µg) were protease treated and the resulting peptides were analyzed by reverse phase chromatography using a Waters nanoAcquity UPLC pump coupled online to an LTQ/Orbitrap mass spectrometer described as previously 8 and blasted to the proteins encoded by the Chlamydomonas genome 9 . Figures   Fig. S1 . Ferredoxin-mediated electron transfer reactions. Ferredoxins participate in a variety of electron transfer reactions, including those depicted; these reactions require donation of between 1 (CEF) and 7 (heme oxygenase) electrons. The transfer of electrons from ferredoxins to desaturases is highlighted by a thicker arrow since it is most relevant to the research presented. Progeny from tetrads #8 and #16 were spotted onto TAP agar (and supplemented with paromomycin), grown in the light and dark, and also inoculated into TAP liquid medium with 10 µg/ml paromomycin (Paro) and grown in the light. Liquid cultures were used for PCR to determine segregation of the fdx5 mutation (2:2) using the FDX5-R2/RB2 primer pair (a band is amplified in the mutant but not WT progeny) or the FDX5-R2/F2 primer pair (a band is amplified in WT but not mutant progeny). PCR for mating type (MT) also exhibited 2:2 segregation. WT and the fdx5 mutant (two leftmost columns) were used as controls. (B) Growth phenotype of progeny from tetrad #2; each of the progeny were grown in liquid TAP medium. 1-4 are the four daughter cells from tetrad #2, which were grown in the light or dark. PCR was performed to confirm the genotype of the progeny; the DNA from progeny 2 and 4 (the progeny unable to grow in the dark) was amplified with the FDX5-R2/RB2 primers, which only amplifies mutant DNA. (C) Summary of the tetrad analyses. The tetrads from 16 zygotes were analyzed by PCR. The blue and red lettering of WT and fdx5 represent mating type + and -, respectively. P1-P4 are the four progeny of a selected tetrad. , left) , maintenance in the dark for 24 h (Dark, middle), and maintenance in the dark for 24 h and then the dark-maintained cells transferred back to the light for 24 h (Back to Light, right). Cultures were grown in TAP medium and concentrated in the same medium to 10 µg/mL Chl. All measurements were made using a DUAL-PAM 100 fluorometer. Photosynthetically Active Radiation (PAR) is given as µmol photons m -2 s -1 . Error bars represent standard deviation. (C) Relative Chl fluorescence measurements (using JTS-10 spectrophotometer) for WT, fdx5 and fdx5(FDX5) cells grown in the light or maintained in the dark in the presence or absence of 1 mM methyl viologen (MV) as an electron acceptor, as indicated. Actinic light was on for 3 s at an intensity of 156 µmol photons m -2 s -1 . Resuspended cells were dark-adapted for 20 min prior to the measurements. (D) P700 oxidation-reduction kinetics on WT, fdx5 and fdx5(FDX5) cells grown in the light or maintained in the dark (using JTS-10 spectrophotometer) in the presence and absence of MV. To assess the pool of electron donors to PSI, cells were resuspended in HEPES-KOH (pH 7.5, 10% Ficoll) to 30 µg/ml Chl and incubated with 3-(3,4-dichloroprenyl)-1-1-dimethylurea (10 µM DCMU) and hydroxylamine (1 mM HA) to completely block PSII activity. Actinic light was 165 µmol photons m -2 s -1 for 5 s followed by a flash of saturating light, and then complete darkness. Changes in the redox state of P700 were measured based on optical changes at 705 nm. In panels (C) and (D), bottom, 1 mM MV was added to the reaction as an electron acceptor for PSI and to inhibit FDX-dependent and NADPH-dependent CEF. Upward arrows present in (A), (C) and (D) represent saturating pulses of light. (2) and (6) . Fatty acids in addition to C18 can also be recruited for TAG formation. Tables S1-S5 
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